Experimental and computational analysis of spectroscopic parameters of L-ascorbic acid (vitamin C) and its tautomers was investigated by Density Functional Theory (DFT) using B3LYP method. The optimized geometries and calculated vibrational frequencies were evaluated. The latter was compare with those of experimental values. The λ max values of L-ascorbic acid were found 259 (at pH = 3) experimentally, 238 and 247 nm calculated in the gas and water phase at TD-DFT methods, respectively.
INTRODUCTION
Ascorbic acid (AA) is one of the interesting and well known acids in nature which is synthesized from D-glucose or D-galactose [1] . Generally, AA is used in pharmaceutical, chemical, cosmetic and food industry due to its bioactivity and as antioxidant [2] . The lack of ascorbic acid leads to scurvy [3] . Ascorbic acid is known to increase the accessibility and absorption of iron from non-heme iron sources [4] . Vitamin C has been demonstrated to kill HIV-positive cells and help HIV-positive individuals by increasing the immune system [5] . Vitamin C significantly decreases the adverse effect of reactive species such as reactive oxygen and nitrogen that can cause oxidative damage to macromolecules such as lipids, DNA and proteins [6] . Ascorbic acid radical produced by the anodic oxidation of ascorbic acid was detected using UV spectroscopy [7] . Y. Dimitrova, studied the hydrogen-bonded system formed between L-ascorbic acid and five water molecules [8] . R. A. Yadav et al. studied the neutral L-ascorbic acid molecule and its cation and anion [9] . J.N. Patricia observed benzene formation in certain beverages containing benzoic and ascorbic acids under heat and UV exposure [10] . D. Giuntini et al. investigated ascorbic acid content in tomato fruits under UV-B radiation [11] . A method for the simultaneous measurement of ascorbic acid and uric acid in human seminal plasma has been described using HPLC with UV detector [12] . A.R. Wedina et al. applied solid-phase UV spectrophotometer technique to measure ascorbic acid [13] . M. Surmeian described new method for resolving three-component drug mixture [14] . H.F. Ji and E. L. Shen studied quenching mechanisms of triplet state riboflavin by vitamin C [15] [16] [17] . J.R. Juhasz et al. studied the effects of conformation on the acidity of L-ascorbic acid [18] . The role of the ascorbic acid concentration in the formation of gold nanorods was studied by UV-vis absorption and transmission electron microscopy [19] . I. Georgieva et al. reported DFT study of four low-energy neutral, four anion and two dianion conformers of AA [20] . Natural abundance 17 O-NMR spectra of L-ascorbic acid were recorded in aqueous solution as a function of pH by A. Ruchmann et al. [21] . M. B. Damian et al. studied two stable conformers of L-ascorbic acid and its fully oxidized form [22] . Ab inito conformational studies were performed on all local and global minima of PES at the MP2/6-311G (d,p) level of theory [23] . Gino A. and co-workers reported the correlation between ascorbate anion (AH2) and its oxidation products [24] .
The stability of Vitamin C is under scrutiny. It may be decompose at room temperature when is expose to air or during cooking process. It is very sensitive to heat, alkali, oxygen, light and even moisture [1] . Traces of copper (II) and iron (III) can deeply accelerate the oxidation in aqueous solution [2] . The degradation of vitamin C may coincide with isomerization, tautomerism or racemization.
In this report, experimental and computational analysis of spectroscopic parameters (FT-IR, UV,  1 H-NMR and   13 C-NMR) of L-ascorbic acid and three (potential side products) of its tautomers [(S,Z)-3,5,6-trihydroxy-2-oxohex- Fig. 1 ) was investigated by Density Functional Theory (DFT) using B3LYP method. The tautomerization of vitamin C to symmertical tautomers may result in VC racemization during storage or cooking. The UV, NMR and IR of the mixture may help measure the tautomers contents. The optimized geometries and calculated vibrational frequencies are evaluated and compared with those of experimental values.
COMPUTATIONAL METHOD
L-Ascorbic acid and its tautomers were fully optimized at the B3LYP/6-31++G (d,p) level of theory. The FT-IR and UV-Vis spectra were computed at the same level of theory using the GAUSSIAN 03 program [25] . The theoretical electronic absorption spectra were calculated using TD-DFT methods. Calculations of 1 H-NMR and 13 C-NMR were performed at the GIAO/B3LYP/6-31+G(2d, p) levels of theory (at TMS/GIAO/B3LYP/6-311+G(2d,p)). The calculations were performed for two solvent (DMSO and water using the polarizable continuum model (PCM) [26] [27] [28] [29] . .
1 H-NMR and 13 C-NMR spectra in D 2 O and DMSO were recorded by a Bruker Avance 400 spectrometer. UV-Vis spectra in deionized water were recorded by a UVD-2950 LABOMED, INC spectrophotometer.
RESULTS AND DISCUSSION
Ascorbic acid (1) is known to be unstable molecule which easily undergoes isomerization, decomposition and/or racemization. In this report, spectroscopic analysis (UV-Vis, NMR and FT-IR) of vitamin C tautomers 2-4 was investigated. The structure, numbering and proton tautomers H 2 (2), H 5 (3) and H 3 (4) of L-ascorbic acid are presented in Figure 1 . The relative energy of 1, 2, 3 and 4 was calculated 0, 3.8, 5.5 and 5.6 kcal/mol at B3LYP/6-31++G(d,p) level of theory, respectively. The tautomerization of H4 produces very unstable isomer (dihydroxyfuran-3-one derivative) with relative energy of 24.1 kcal/mol was excluded from this study.
1 The UV-visible spectrum
The observed and calculated visible absorption maxima of the compounds 1-4 are given in Table 1 . The single-excitation configuration interaction timedependent density functional theory (TD-DFT) calculations of molecular orbital geometry in the gas and water phase show that visible absorption maxima of L-ascorbic acid correspond to electron transition from HOMO to LUMO. The maximum amount of f values with highest % was obtained for these electronic transitions at λ max. The λ max value for L-ascorbic acid was found at 238 nm in the gas phase. This value was increased to 248 nm in the water (solvent effects). The calculated λ max values in the gas phase for the compounds 2, 3, 4 were found at 342, 309 and 273 nm, respectively. The greater λ max value for 2 is attributed to extra conjugation. Based on the f values collected in Table 1 , it is evident that absorption maxima of 2, 3 and 4 correspond to the electron transition from HOMO to LUMO. The energy (eV) and selected HOMO-LUMO contours of L-ascorbic acid (1) in water and in gas phase are depicted in Figures 2 and 3 . The energy of HOMO and LUMO for 1 was calculated -6.53 and -1.18 eV in aqueous phase and -6.67 and -1.17 eV in gas phase, respectively. The energies of the HOMO decrease in the gas phase and for LUMO is nearly the same for both phases. The energy gap (∆E) for 1 was calculated 5.35 and 5.50 eV in water and gas phase, respectively. Larger value of the energy gap implies high kinetic stability and low chemical reactivity. This is in good agreement with previous report that vitamin C is unstable in water [30] . The energy of HOMO and LUMO was calculated -7.11 and -3.11 eV for 2, -6.46 and -1.95 eV for 3, and -6.12 and -1.26 eV for 4 in the gas phase, respectively. The energy gap (∆E) for 2, 3 and 4 was calculated 4.0, 4.51 and 4.86 eV in gas phase, respectively, which is smaller than that of vitamin C. The energy 4.79 eV obtained experimentally in H 2 O complements the theoretical value (5.0 eV) calculated in water phase. The λ max = 259 nm obtained experimentally in H 2 O complements 248 nm value calculated in water phase.
The most important electronic transition (HOMO-LUMO) was calculated 41, 80, 80 and 55% at λ max of 238.02, 342.06, 309.53 and 273.24 nm for 1, 2, 3 and 4, respectively in the gas phase (Table 1 ). This value was calculated 80% at λ max 247.71 for 1 in water phase (experimental λ max = 259 nm). Positive values of the orbital contour are represented in brown (+0.02au) and negative values in green (-0, 02) color. 
2 Infrared analysis
The experimental and calculated infrared spectra of L-ascorbic acid in the gas and water are presented in Figure 4 . The results of calculated vibrational modes and their experimental assignments are listed in Tables 2 and 3 . Fig. 4 . Experimental (KBr, ) and calculated infrared spectra of Lascorbic acid in the gas phase () and in water ().
2. 1 Tautomer 1 (experimental and computational)
O-H modes. L-Ascorbic acid (1) has four OH groups, two being attached to the ring and two on the side chain. The order of υ(O-H) modes experimentally are υ(
Experimentally, the O 6 -H O6 stretching mode of the side chain of 1 was observed at 3410 cm -1 . The calculated values in the gas and water phase were found 3841, 3444 cm -1 , respectively. The second stretching mode for the O 2 -H 2 bond that attached to the ring were measured at 3316, 3812, and 3375 cm -1 experimentally, calculated in the gas phase and in water phase, respectively. The third stretching mode O 5 -H O5 in the side chain of 1 was observed experimentally at 3216 cm -1 . The calculated values in the gas and water were calculated at 3758, and 3456 cm -1 , respectively. The fourth stretching mode for the O 3 -H 3 bond (attached to the ring) was found at 3526, 3638, and 3558 cm -1 experimentally, in the gas phase and water, respectively.
C=O mode. The stretching mode for the C 1 =O 1 bond was found at 1753, 1862, and 1789 cm -1 experimentally, calculated in the gas phase and in aqueous phase, respectively.
C=C mode. The stretching mode for the C 2 =C 3 bond was found at 1672, 1771, and 1705 cm -1 experimentally, calculated in gas phase and in water phase, respectively.
C-H modes. The calculated stretching mode for the C 5-H 5 in the side chain was found at 3003 and 2960 cm -1 in the gas phase and water phase, respectively. In addition the stretching mode for the C 4 -H 4 bond in the ring was found at 2915, 3027, and 2976 cm -1 experimentally, calculated in gas and water phase, respectively. The anti-symmetric stretching mode for the CH 2 group was found at 3030, 3110, and 3076 cm -1 in KBr, calculated in the gas and water phase, respectively. The symmetric stretching mode for the CH 2 was found at 2744, 3056 and 3016 cm -1 KBr, calculated in gas and water phase. The scissoring motion for the CH 2 group in the side chain was found at 1497, 1498, and 1483 cm -1 experimentally, calculated in gas phase, and aqueous phase, respectively. C-O modes. The stretching mode for the C 5 -O 5 bond of the side chain was found at 1120, 1086 and, 1082 cm -1 experimentally, in gas and water phase, respectively. The stretching mode for the C 6 -O 6 bond was found at 1076, 1044, and 1060 cm -1 in KBr, calculated in gas and water phase. The stretching mode for the C 1 -O r bond was found at 942, and 1130 cm -1 , in gas and water phase, respectively. The stretching mode for the C 3 -O 3 and C 2 -O 2 groups of the ring was found at 1139, and 1321 cm -1 in KBr, respectively. C-C modes. The stretching mode for the C 1 -C 2 was found 1126, and 1418cm -1 in the gas and water phase spectra, respectively. The stretching mode for the C 4 -C 5 was found at 942 cm -1 in gas phase and the stretching mode for the C 5 -C 6 was found at 869 cm -1 in KBr. a υ=stretching, ω=wagging, out-of-plane ring bending, ρ= in plane ring, υ s = symmetric stretching bending, δs=scissoring, angle bending, τ=twisting, υ as =anti-symmetric stretching, α= in plane deformation, γ=out-of-plane deformation, 
2. 2 Tautomers of 2, 3, and 4 (gas phase)
The O 6 -H O6 stretching mode 2, 3 and 4 was calculated at 3830, 3764, and 3825 cm -1 , respectively. The second stretching mode for the O 5 -H O5 bond was calculated at 3760, 3737, and 3787 cm -1 for tautomers 2, 3 and 4, respectively. The third stretching mode O 3 -H 3 for 2 and 3 tautomers appeared at 3609 and 3831 cm -1 . The fourth stretching mode for the O 2 -H 2 bond was calculated at 3777 and 3767 cm -1 for 3 and 4, respectively. The fifth stretching mode for the O r -H O1 bond calculated at 3583 and 3690 cm -1 2 and 3 tautomers. The stretching mode for the O 1 -H O1 bond was calculated at 3790 cm -1 for 4. There were two stretching modes for O 5 …H 3 hydrogen at 838 and 280 cm -1 for 3. C=O modes. The C 1 =O 1 stretching mode of 2 and 3 were observed at 1827 and 1822 cm -1 , respectively. The second stretching mode for the C 2 =O 2 bond appeared at 1722 cm -1 for isomer 2. The third stretching mode of C 3 =O 3 bond was calculated at 1700 cm -1 for 4. C=C modes. The C 2 =C 3 stretching mode of 3 and 4 appeared at 1686 and 1463 cm -1 , respectively. The second stretching mode for the C 1 =C 2 bond was calculated at 1805 cm -1 for isomer 4. The third stretching mode for the C 3 =C 4 bond was found at 1673 cm -1 for tautomer 2. The C 4 =C 5 stretching mode for 3 was observed at 1701 cm -1 , respectively. C-H modes. The stretching mode C 4 -H 4 for tautomers 2, 3 and 4 were calculated at 3212, 3121 and 3075 cm -1 . The stretching mode C 5 -H 5 of 2 and 4 was obtained at 2953 and 2960 cm -1 , respectively. The anti-symmetric stretching modes of CH 2 were found at 3107, 3118 and 3109 cm -1 for 2, 3 and 4. The symmetric stretching mode of CH 2 was found at 3041, 3045, and 3019 cm -1 . The scissoring mode for the CH 2 was found at 1491, 1499, and 1495cm Table 4 ). The experimental value in the DMSO and theoretical calculations in both gas and water phase predict that the proton H 3 the most deshielded chemical shift which complements the finding of reference 32. That L-Ascorbic acid is a weak dibasic acid (pKa 1 =4.25 and pKa 2 =11.79), the monoanion forms at pH 4-5 by deprotonation from O 3 -H 3 bond. The experimental chemical shifts of H O6 and H O5 in DMSO appeared at 4.9 ppm. Table 4 .
1 H-NMR and 13 C-NMR spectrums of L-ascorbic acid (1): Experimental and calculated values at DFT levels of theory using B3LYP/6-311+G(2d,p) basis set in the gas and water phase. Table 5 . The most acidic hydrogen of tautomers of L-ascorbic acid is H 4 that appeared at 9.7, 11.1 and 3.9 ppm for isomers 2, 3 and 4 respectively. 
CONCLUSION
The single-excitation configuration interaction TD-DFT calculations of molecular orbital geometry in the gas and water phase predicted that the visible absorption maxima of the L-ascorbic acid correspond to the electron transition from HOMO to LUMO which attributed to maximum amount of the f values with the highest % absorption. The λ for L-ascorbic acid was calculated 238 nm max in the gas phase. This value was increased to 248 nm in the water phase (the solvent effects). The experimental (in DMSO) and theoretical calculation chemical shifts of L-ascorbic acid predicted proton H 3 the most deshielded chemical shift. The most acidic hydrogen of tautomers of L-ascorbic acid is H 4 that appeared at 9.7, 11.1 and 3.9 for the 2, 3 and 4, tautomers, respectively.
